A new Temperature Gradient System has been designed for practical use when quenching real workpieces in any kind of liquid quenchants. The main hardware component of the system is a cylindrical probe of 50 mm Dia. × 200 mm assembled with three thermocouples, and the temperature data acquisition unit for automatic drawing of cooling curves. The accompanying softwarepackage consists of three modules: The first one for calculation of the heat transfer coefficient, the second one for quenching process analysis by graphical presentation of different thermodynamic functions, and the third one for hardness distribution prediction on the axial section of axiallysymmetrical workpieces of any complex shape. The hardness prediction 2-D program is based on a Finite Volume Method, by which cooling curves in every particular point of the axial workpiece section are calculated, and cooling times from 800 °C to 500 °C (t 8/5 ) determined. Using the known relation between the cooling time (t 8/5 ) and the distance from the quenched end of the Jominy specimen, for the relevant steel, the hardness can be predicted, at once, in every particular point of the axial workpiece section, which is the unique feature of this system. The system itself is designed to: record, evaluate and compare real quenching intensities during the whole quenching process, when different liquid quenchants with different conditions are used, and different quenching techniques have been applied.
Introduction
The new Temperature Gradient System (TGS) is designed to be used when quenching real axiallysymmetrical workpieces of any complex shape, in different liquid quenchants and different conditions. The main purpose of this system is: a) To calculate the real heat transfer coefficient as function of surface temperature and of time during the whole quenching process. b) To analyze every quenching process by experimentally measuring and recording relevant cooling curves and evaluating the quenching intensity during whole quenching process, expressed by different thermodynamic functions. These functions enable to compare different quenching processes in regard of: quenching intensity, dynamic of heat extraction, thermal stresses, and cooling rates in all points within the probe, where the thermocouples are placed. c) Prediction of hardness distribution, at once, on the whole axial section of the workpiece after quenching, as well as after tempering. This enables every user to see at a glance whether or not adequate depth of hardening was achieved using concrete steel grade and quenching conditions. If the predicted results are not satisfactory, the user can repeat the simulation process using other steel grades and/or other quenching conditions. From the hardness distribution after tempering, mechanical properties (ultimate strength, yield strength, elongation) can be determined in each point of the section, depending on tempering temperature used, by means of an auxiliary diagram. The hardness prediction module of the system is applicable for those steels for which Jominy hardenability curve exists i.e. primarily for non-alloyed and low to medium alloyed structural steels.
Calculation of the Heat Transfer Coefficient (HTC)
A real description of the heat transfer, as input value for calculation, is the fundamental prerequisite for a successful simulation of the quenching process. There is a big difference between calculating the HTC of a small laboratory test specimen (usually 12.5 mm Dia. × 60 mm) and of a real workpiece, where some inevitable influences occur, which are not relevant to laboratory specimens. First of all, as it is well known, quite big differences of the HTC are possible in different points over the entire surface of the workpiece, as it is shown in Fig.1 . Other factors that affect the heat transfer at real workpieces, besides of the kind of quenchant, are: surface roughness, external flow field of the liquid and its turbulence. Taking into account only these factors, obviously some compromise has to be made when using the HTC for a real workpiece of complex shape.
Another very important question is: does the diameter of an axially-symmetrical workpiece, even a simple cylinder, have an influence on the HTC as function of surface temperature? Not knowing the answer on this question, one does not know in which span of diameters a calculated HTC may be used. Fig.2 shows a HTC vs. surface temperature of a standard cylindrical laboratory test probe (12.5 mm Dia. × 60 mm), quenched in a fast quenching oil, having the maximum value of 4250 W/m 2 K. The calculation was based on an inverse heat conduction algorithm which uses an iterative procedure that begins with an initial guess to calculate the temperature dependent HTC [2] . In this case the thermocouple, which has recorded the time-temperature history, was placed in the geometric centre of the probe. Fig.3 shows the HTC vs. time and vs. surface temperature, when quenching the Liscic/Nanmac probe (50 mm Dia. × 200 mm) in a still mineral oil of 20 °C [3] . It is evident that the maximum value of the HTC is only 1400 W/m 2 K. The model for calculation of the HTC was based on the control volume numerical method [4] . In this case the surface temperature of the probe was directly measured using a special self-renewing thermocouple (U.S. Pat. No. 2.829.185). It is difficult to judge which of the following factors contributed more to the difference in HTC maximum values: the cylinder diameter, the calculation method, or the position of the thermocouple? [3] In order to investigate only the influence of the diameter on HTC, computer simulations have been performed for cylinders of 20 mm diameter and 80 mm diameter by the HTC for 50 mm Dia. [2] shown in Fig.3 , using the same control volume method. The results of these simulations showed no difference in HTC vs. temperature, compared to Fig.3 , but there was difference in HTC vs. time. As shown in Fig.4 the time to achieve the maximum value of the HTC is 10 seconds for 20 mm diameter, and 14 seconds for 80 mm diameter, Fig.5 . Also the area under the HTC curve in case of 80 mm diameter is much bigger than in case of 20 mm diameter. According to the Nukiyama curve for boiling [5] , as shown in Fig.6 , the HTC curve (α) follows the heat flux density curve (q); accordingly the area under the HTC curves in Fig.4 and Fig.5 represent also the heat extracted. From these simulations it can be concluded the following: If calculations for smaller or bigger diameters are performed with a known HTC for a certain cylinder diameter, the maximum value of HTC will not change, but to find the difference, the curves HTC vs. time should be compared. These differences are in accordance with the cooling curves for different cylinder diameters. Change in heat transfer coefficient at immersion cooling, due to wetting kinematics [6] Finally, there is a phenomenon called wetting kinematics accompanied with every quenching process in evaporable liquids [6] , which can influence more or less the HTC. As shown in Fig.7 rewetting starts in those places on the workpiece surface, where the film boiling (vapour blanket) collapses and nucleate boiling starts. At every of these places at that moment a sudden increase of the HTC occurs. When cylinders with smooth surface are involved, rewetting starts usually at the lower end and moves gradually as a wetting front towards the upper end, as it is shown on the left side of Fig.8 . Temperature inside the cylinder changes not only radially but also along the cylinder,
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as it is shown on the right side of the same figure. This case relates to immersion cooling of an AISI-4140 steel cylinder of 40 mm Dia. × 120 mm in water of 80 °C [7] , which certainly are not conditions used in practice. The rewetting process can have different forms and durations (from slowly moving wetting front at e.g. a quenching oil of high temperature, to abrupt explosion at some polymer solutions), so it can have smaller or bigger influence on the local HTC. This phenomenon is today an object of scientific research in laboratory conditions, but it is not as yet been taken into consideration when calculating HTC of real workpieces.
Taking into account the factors which may influence development of the HTC during quenching real workpieces, a cylindrical probe of 50 mm Dia. × 200 mm, instrumented with three thermocouples has been chosen for measuring and recording the temperature-time history (cooling curve) at each quenching test. The dimensions of the probe were chosen in order to satisfy both: a) The ratio L/D = 4, which is enough to neglect the heat extraction from both ends of the probe, and provide for radial heat flow in the middle length crosssection, where the thermocouples are located. b) To be representative for the diameter range between 20 mm and 100 mm, which is applicable to a great deal of workpieces in the metalworking industry. Fig.9 shows three cooling curves, measured at the points: 1 mm below the surface, 4.5 mm below the surface and at the centre, where the thermocouples have been placed, when the probe is quenched in a high-speed mineral oil of 50 °C, without agitation [8] . Utmost care has been taken of temperature measurement, by minimizing the possible errors regarding: damping effect; time lag and thermocouple response time. The mathematical method applied for calculation of the HTC, based on the cooling curve recorded at the point 1 mm below the surface is as follows:
One dimensional heat conduction equation, using temperature dependent physical properties (density, specific heat capacity, heat conductivity), as a nonlinear inverse problem was first solved with measured temperature at the point 1 mm below surface, as Dirichlet boundary condition and extended the solution towards the surface of the cylinder. With the known surface temperature, the HTC was calculated by numerical differentiation, using the measured temperature of the quenching medium. Numerical solution of the heat conduction equation is done by the nonlinear implicit method, with simple Fig. 9 Experimentally obtained cooling curves (T-t) when quenching the 50 mm Dia. × 200 mm probe instrumented with three thermocouples, in a high-speed mineral oil of 50 °C, without agitation [8] iterations per time step, to adjust all physical properties to new temperatures. The solution extension and the calculation of the HTC by numerical differentiation is computed by local extrapolation, based on low degree polynomial least-squares approximation.
Analysis of the quenching process
Each quenching process in evaporable liquids is a complex thermo-and fluiddynamic problem described in chapter 3 of [5] , on which structure transformation, stress development (including residual stresses), and distortion of quenched workpieces depend. Numerous factors can influence the process of quenching. Therefore, it is inadequate to describe this process by one sole number, as e.g. the Grossmann's value "H".
The Temperature Gradient System (TGS) is based on the known physical rule that the heat flux at the surface of a body is directly proportional to the temperature gradient at the surface, multiplied by the thermal conductivity of the body material: , is physically the most accurate characteristic to describe the quenching intensity during the whole quenching process. The only difference between the Liscic/Nanmac probe and the actual probe is that the former had thermocouples: at the very surface and at 1.5 mm below surface, while the latter has thermcouples at 1 mm and at 4.5 mm below surface, whereas the surface temperature has to be calculated.
With the actual probe the heat flux at the surface is calculated, but using the calculated surface temperature and measured temperatures in points 1 mm and 4.5 mm below surface, enables the calculation of the heat flux density also between these points and the surface. When comparing two different cases of quenching, the heat flux density curves enable at a glance to estimate which of them will result with greater depth of hardening. Another feature is that using the diagram: heat flux density vs. time, a delayed quenching process can instantly be recognized.
Other thermodynamic functions which are incorporated in the TGS software-package are: -Temperature differences ∆T = f(t) between centre and surface, as well as between centre and 4.5 mm and 1 mm below surface respectively, as function of time, Fig.11 * a. This data are valuable when calculating thermal stresses during a concrete quenching process. * Diagrams in Fig.10 and Fig.11 Fig.11 * c. They can be a valuable information, particularly when special quenching processes as e.g. Intensive Quenching, are applied.
Prediction of hardness distribution
The software module 3 contains a 2-D computer programme developed by B.Smoljan, Tech. Faculty, University of Rijeka, Croatia [9, 10] , for prediction of hardness distribution within quenched axially-symmetric workpieces of any shape. The programme is based on the Finite Volume Method, and is suitable for use with Windows XP, as well as with older versions of Windows. It contains also the necessary subroutine for drawing a 2-D contour of every axially symmetric workpiece, and automatic generation of the FE mesh for a symmetrical half of it. By using temperature dependent heat transfer coefficient (HTC), calculated for each concrete case of quenching in module 1, cooling curves at every particular point of the axial workpiece section are calculated, and cooling times from 800 °C to 500 °C, t 8/5 determined and stored. According to Rose [11] the time t 8/5 is a relevant characteristic for phase transformation in most structural steels, and is accordingly decisive feature for resulting hardness after quenching.
Because there is a fixed relation between the cooling time t 8/5 and the distance from the quenched end of the Jominy specimen, for each time t 8/5 the corresponding Jominy distance can be read, Fig.12 . The next step is to read the hardness at the relevant Jominy distance from the Jominy hardenability curve for the concrete steel in question. The whole procedure of conversion the cooling time t 8/5 to the hardness at particular point of the workpiece section is shown schematically in As-quenched in oil H=0. 5 As-quenched in oil H=0.5 
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Fig .15 shows the comparison between the predicted and experimentally obtained hardness distribution for the workpiece shown in Fig.14. A statistical survey for this workpiece has shown that the average value of differences between predicted and measured hardness is -0.372 HRC, and the standard deviation is 1.585 HRC.
The software package of the system contains two data files: -Data file of selected steel grades which consists of: several international designations, chemical composition, and respective Jominy hardenability curves. -Data file of heat transfer coefficients (HTC) calculated from the cooling curves recorded experimentally by the probe. Both data files are openly structured so that every user can add new grades of steel and/or new HTC's calculated for some other quenching conditions.
The two main purposes the modul 3 has to fulfil are: 1. To develop a general data bank for computer modeling of hardness distribution without performing experiments with the probe in which both data files will be filled in with standard steel grades and enough HTC's for different quenchants and specified quenching conditions. It is particularly important that all experiments for HTC calculations are performed using the same quenching probe. The Jominy curves in this data bank will be taken from literature, i.e. they will correspond to an average chemical composition, starting from an austenitization temperature shown in literature. By using this data bank the user can: a) Compare at a glance the real quenching intensities expressed by the mentioned thermodynamic functions for all stored quenchants and specified quenching conditions. b) Perform an approximate hardness prediction for his concrete workpiece by using different steel grades and /or different quenching conditions stored in the data bank. 2. To develop an own data bank based on own experiments with the probe. In this case the Jominy curves stored should correspond exactly to the particular batch of the relevant steel grade, obtained by the Jominy test with the same austenitization temperature as it is used for hardening the concrete workpiece. The HTC should be calculated from cooling curves recorded in concrete quenching facilities and conditions. In this case a precise hardness prediction can be expected.
Conclusions
While the real heat transfer coefficient is the most important prerequisite for every computer simulation of the quenching process, the whole process itself can be carefully analysed by different thermodynamic functions. The Temperature Gradient System is applicable for all liquid quenchants (including salt baths and fluid beds), for different quenching conditions, and different quenching techniques (Immersion cooling, Spray cooling, Intensive Quenching).
Two main purposes of the system are: -To measure, record and evaluate a quenching process in order to compare it in respect of quenching intensity and thermal stresses. -To predict the hardness distribution after quenching for every axially-symmetric workpiece of any shape, by drawing the contour of its symmetric half and choosing a selected steel grade and quenching conditions, expressed by the calculated heat transfer coefficient. [12] This possibility is intended to be used by practitioners in the heat treatment workshop to compare at a glance quenching processes performed in different media and different quenching facilities, in respect of possible depth of hardening. From the other side it is also a valuable tool for designers of new components, when optimum stell grade and quenching conditions are to be chosen.
The next important task for the described system is its application for quenching a batch of workpieces, where the probe itself should be placed at a representative place within the batch, to be heated and quenched together with it.
